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On the Displacement for Covering a Unit Interval with Randomly Placed Sensors 
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Abstract 

Consider n mobile sensors placed independently at random with the uniform distribution on a barrier represented as the unit 
line segment [0,1]. The sensors have identical sensing radius, say r. When a sensor is displaced on the line a distance equal to 
d it consumes energy (in movement) which is proportional to some (fixed) power a > 0 of the distance d traveled. The energy 
consumption of a system of n sensors thus displaced is defined as the sum of the energy consumptions for the displacement of the 
individual sensors. 

We focus on the problem of energy efficient displacement of the sensors so that in their final placement the sensor system 
ensures coverage of the barrier and the energy consumed for the displacement of the sensors to these final positions is minimized 
in expectation. In particular, we analyze the problem of displacing the sensors from their initial positions so as to attain coverage 
of the unit interval and derive trade-offs for this displacement as a function of the sensor range. We obtain several tight bounds in 
this setting thus generalizing several of the results of M to any power a > 0. 

Keywords: barrier, displacement, distance, random, sensors. 


1. Introduction 

One of the most important problems in sensor networks is 
minimizing battery consumption when accomplishing various 
tasks such as monitoring an environment, tracking events along 
a batTier and communicating. In this study, the environment 
being considered consists of a line segment barrier (which for 
simplicity is set to the unit interval [0,1]), while the accompa¬ 
nying monitoring problem investigated is ensuring coverage of 
the barrier in the sense that every point in the line segment is 
within the range of a sensor. 

We consider the case where the sensors are equipped with 
omnidirectional sensing antennas of identical range r > 0; thus 
a sensor placed at location x in the unit interval can sense any 
point at distance at most r either to the left or right of x. The 
initial placement of the sensors does not guarantee batTier cov¬ 
erage since the sensors have been placed initially independently 
at random with the uniform distribution on a barrier. To attain 
coverage of the line segment it is required to displace the sen¬ 
sors from their original locations to new positions on the line 
while at the same time taking into account their sensing range 
r. Further, for some fixed constant a > 0 if a sensor is displaced 
a distance d the energy consumed by this sensor is considered 
to be proportional to d‘‘. More generally, for a set of n sensors. 
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if the /th sensor is displaced a distance di, for i - 

then the energy consumed by the whole system of n sensors is 

rudf. 

In this paper we study the minimum total (or sum) energy 
consumption (in expectation) in the movement of the sensors so 
as to attain coverage of the unit segment when the energy con¬ 
sumed per sensor is proportional to some (fixed) power of the 
distance traveled. The present study generalizes some known 
results (see lIToll ') on the sensor displacement for a = 1 to arbi¬ 
trary a > 0. Motivation for the extended model being proposed 
is that the energy consumption induced by individual sensor 
displacement may not be linear in this displacement, but rather 
be dependent on some power of the distance traversed. Further, 
the parameter a in the exponent may well represent various con¬ 
ditions of the surface of the barrier, e.g., friction, lubrication, 
etc, which may affect the overall energy consumption of the 
sensor system. 


1.1. Related work 


There is extensive literature about area and barrier (also 
known a^erimeter) coverage by a set of sensors (e.g., see 
iHSlIllIllIill). The coverage problem for planar domains 
wit^re-existing anchor (or destination) points was introduced 
in IJ]. The deterministic version of the sensor displacement 
problem on a linear domain (or interval) was introduced in ||3l . 
Several optimization variants of the displacement problem were 
considered.The complexity of finding an algorithm that opti¬ 
mizes the displacement depends 1) on the types of the sensors, 
2) the type of the domain, and 3) whether one is minimizing 
the sum or maximum of the sensor movements. For the unit 
interval the problem of minimizing the sum is NP-complete if 
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the sensors may have different ranges but is in polynomial time 
when all the sensor ranges are identical 101 ■ The problem of 
minimizing the maximum is NP-complete if the region consists 
of two intervals |01 but is polynomial time for a single interval 
even when the sensors may have different ranges ISt]. Related 
work on deterministic algorithms for minimizing the total and 
maximum movement of sensors for barrier coverage of a planar 
region may be found in |3l ■ 

More importantly, our work is closely related to the work 
of Ei where the authors consider the expected minimum to¬ 
tal displacement for establishing full coverage of a unit interval 
for n sensors placed uniformly at random. Our analysis and 
problem statement generalizes some of the work of llOtl from 
a = 1 to all exponents a > 0. A comprehensive study of sensor 
displacement to arbitrary probability distributions using tech¬ 
niques from queueing theory can be found in the forthcoming 

ml. 


1.2. Outline and results of the paper 
Our work generalizes some of the work of 113 to the more 
general setting when the cost of movement is proportional to a 
fixed power of the distance displacement. 

The overall organization of the paper is as follows. In Sec- 
tion|2]we provide several basic combinatorial facts that will be 
used in the sequel. In Section [3 we prove combinatorially how 
to obtain tight bounds when the range of the sensors is r = ^. 
We show that the expected sum of displacement to the power a 
is 

Ji 

2i(l 

when a is an even positive number, and in 


)’ 


• a) m 




0 



when a is an odd natural number. In Section 0] we prove the 
occurrence of threshold whereby the expected minimum sum 
of displacements to the power a (a is positive natural number) 

remains in 0 j provided that r - ^ + where /(n) > 0 

and f{n) = o{n~^^^). In Section |5] we study the more general 
version of the sensors movement to the power a, where a > 0 
and r > Tn- If r > ^ we first present the Algorithm[T]that uses 
expected 
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total movement to power a, where a > 0. Finally, Section |3 
provides the conclusions. 


2. Basic facts 

In this section we recall some known facts about special func¬ 
tions and special numbers which will be useful in the analysis 
in the next sections. The Euler Beta function (see Q) 

B(c,r/)= r xf-'^dx (1) 

Jo 


is dehned for all complex numbers c, d such as ?l(c) > 0 and 
%(d) > 0. Moreover, for positive integer numbers c, d we have 


B(c,dy^ 


c + d — 1 
c 


( 2 ) 


Let us define a function gc-.d(x) = x^"'(l - xY^^ on the interval 
[0,1]. We say that a random variable Xc^d concentrated on the 
interval [0,1] has the B(c, d) distribution with parameters c, d if 
it has the probability density function/(y) = (B(c, £/))“'y^“'(l- 
xY^^. Hence, 

Pi'K,^ < f] = p/ ,, r gc-.d{x)dx (3) 

B(c, d) Jo 

We will use the following notations for the rising and falling 
factorial respectively ||3 


11 for k = 0 

\n{n + 1) .. .{n + k - 1) fork>l. 


n- = 


[ 1 for k = 0 

ln(n - 1) ... (n - (k - 1)) fork>l. 


Let 


"J be the Stirling numbers of the hrst and second kind 
respectively, which are defined for all integer numbers such that 
0 < k < n. The following two equations for Stirling numbers of 
the hrst and second kind are well known (see ||3 identity 6.10] 
and ||3 identity 6.13]): 
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(4) 


(5) 
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m + b 

r m 

(m + b^ 

m - b 
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m 

\m — b 

’ \ m J 


Assume that h is a constant independent of m. Then the follow¬ 
ing Stirling numbers 


( 6 ) 


are polynomials in the variable m and of degree 2b (see ||9[]). 
Let be the Eulerian numbers, which are dehned for all 

integer numbers such that 0 < k < n. The following three iden¬ 
tities for Euler numbers are well known (see identities (6.42), 
(6.43) and (6.44) in H): 


Zii 


(2m)! 1 
(m)! 2'" 


m 1 y 
1 — h\ 


m 

m — b 


=z 


m + b — I 
2b 

m + I 
2b 


(7) 


( 8 ) 


(9) 


Let d,f be non-negative integers. Notice that (see 13 identity 
5.41]) 


Z 

1=0 


d\ (-1)' {d)\{d)\ 

l]d+\+l ~ (2d+l)\ 


( 10 ) 
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Observe that 


X - n, m = /2 + 1 we deduce that 


=-TTTTi- 

Applying this formula for / = 1 to n we easily derive 
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f + d + \ 


{n - 1)- • 


( 11 ) 


We will also use Euler’s Finite Difference Theorem (see ijil 
identity 10.1]). Assume that a is a natural number. Let f{j) = 
/" and m e N. Then 



0 if m < fl 

(-l)"a! if m = a 


( 12 ) 


3. Tight bounds for total displacement to the power a when 


r = i 

' 2 n 


In this section we extend Theorem 1 from M for the dis¬ 
placement to the power a, where a is a positive natural number. 
Assume that n sensors with range ^ are thrown uniformly and 
independently at random in the unit interval and move from 
their current location to the anchor location f, = - - for 
i - Notice that the only way to attain the coverage is 

for the sensors to occupy the positions f,, for i = We 

prove that the expected sum of displacement to the power a is 

^ -I- (91 4r I, when a is an even positive number, and in 

22{l+a)n2-' \n’l ) ^ 

0 j > when a is an odd natural number. We begin with the 
following lemma which will be helpful in the proof of Theorem 
|2] It is worth pointing out that the proof of Lemma [T] is techni¬ 
cally complicated. Our proof of Lemma [T] proceeds along the 


following steps. Firstly, we reduce the inner sum 2"_j 




to the sum 


(n+iy 


(n+\)j 

which is known (see equation (fTTT iI. 


Then we have the following sum 



a+l-k 


where Ca+i-k is the polynomial of variable a — j of degree less 
than or equal 2k. Finally, the asymptotic follows from Euler’s 
Finite Difference Theorem (see equation (fT2li'). 

Lemma 1. Assume that a is an even positive number. Then 


a n , / \ 


j =0 i=l 


('■-tf 


1 \a-] - 

1 \ :i 


in + l)f 


(i)’ 1 

25(1 + a) 



Proof. As a first step, we evaluate the inner sum. Let j e 
{0,..., a). Applying equation (|4]i for x = i - 1, m - a - j - h, 
and equation (fTTT l for d - h, f - j, as well equation Q for 
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^ (« + 1 )^ 


/7 + 1 


a- J-hj\2 


X 

h h 

Hence 


\a- j-h 

h 


I 2 + f 
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(-!> 


/2 + I-/3 _ 
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^2 + 9+1 


Ji+J 
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( 3+1 

= Zc. 


^ (n+iy 


a+l-k ^ 


a+l~k 


Now we prove that Ca+i-k is the polynomial of variable a- j 
of degree less than or equal 2k. Observe that 


i2a+l~k 


a- J 

a-j-h 


V j-h\ 

I 2 -t-1 

ivl i 

a + 1 - k - j 


^_-^y 2 -a+k+j _ 
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^2 + 9 + 1 


^ y / a- J 

4^\a-J-h 


/ 

V J j-h \ 

Q — — k-\-\ 

(- 1 )'^ 

1 

+ 

1 

??- 

a + 1 — k — j 

tif + 1 — Ic 1 A 
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Since is the polynomial of variable a - j of degree f, 

is the polynomial of variable a- j -l\ of degree 2 (k - 

l\-U) and polynomial of variable a+\- j-k 

of degree 2/4 (see 'll), we obtain that, Ca+\-k is the polynomial 
of variable a - j of degree less than or equal 2 k. 

Now we give the coefficient of the term in the polynomi¬ 
als Ca+\-k- Applying identity ([ 8 ]) for m^a-j, b = k-l 4 and 
identity (|9|l for m - a - j +14 - k + I, b - I 4 we observe that the 
coefficient of the term in the polynomials Ca+i-k equals 


2 avl,k 


= ZZ 
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+ 1 — /c + /+ 
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Therefore, from equation (|7]i we have 


for j e {0,1,...,a} and i e {1,2,... ,n]. Observe that 


_ I ^(k\ (- 1 )'^ 

a+I,i: I 2 _j 


2 ^k\ xUj a + I - k + U 

14=0 ' ' 


Using identity (fTOl) we deduce that 

(§)' 1 




(1 +a)! 25 

We now apply equation ( [T^) in order to get 


loin 


0 if 2 A: < a 

if 2 ;t = a 


J=^ ' V 2?(l+^i) 

Putting everything together, we finally obtain 




j=0 /=! 


,('■-0 


1\fl-/ - 


(n + I)-' 


“+1 „a+l-k « 


k=0 


j=0 

(!)’ 1 


-k 


25(1 + a) n5 


Ui 


+ 0 


This completes the proof of Lemma[T] 
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3.1. Tight bound for total displacement to the power a when 
r — and a is an even positive number 

Theorem 2. Let a be an even positive number. Assume that 
n mobile sensors are thrown uniformly and independently at 
random in the unit interval. The expected sum of displacements 
to the power a of all sensors to move from their current location 
to the anchor location ti — - ^,for i — I,... ,n, respectively 

is 


(f)^ 


22(1 + a) n 2 ‘ \n 2 


Proof. Let X, be the ith order statistic, i.e., the position of the ith 
sensor in interval [0,1]. We know that the random variable X, 
has the B(/, n - / + 1) distribution. For example see Assume 
that a is an even positive number. Let be the expected 
distance to the power a between X, and the i'* sensor anchor 
location, f,- = ^ “ 2 n ’ interval, hence given by: 


(;)X 

inf" 


0]“^ = /r; II ix - ti\"‘gi.,„^i+i(x)dx 

-I 


• xTgt„-i+i(x)dx. 


Now we define 






'gr,„-i+l(x)dx 


r\i^) _ \ ^ 

7=0 

From the definition of Beta function and identity (l2]l we get 


D 




1 (a 


,('-0 


1 




(n+iy 

Hence applying Lemma [T] we conclude that 

(f)^ 




1=1 j=0 j=0 /=i 

This finishes the proof of Theorem|2] 


■' 22(1 + a) n 2 \n 2 
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3.2. Tight bound for total displacement to the power a when 
r — and a is an odd natural number 

Theorem 3. Let a be an odd natural number. Assume that n 
mobile sensors are thrown uniformly and independently at ran¬ 
dom in the unit interval. The expected sum of displacements to 
the power a of all sensors to move from their current location 
to anchor location ti — — ^,for i — respectively is 

Proof. Let a be an odd natural number. Firstly, observe that the 
result for a - \ follows from i lfioll . Theorem 1]. Therefore, 
we may assume that a > 3. Let be the expected distance 
to the power a between X, and the i‘^ target anchor location, 
f; = - - on the unit interval, hence given by: 




Off" 


■ xl"‘gi.n^i+i(x)dx. 


First we prove the upper bound. We use discrete Holder in¬ 
equality with parameters a H- 1 and get 

Zor4zw’)“rfZ‘ 

V /=i 

= ZK) 


1=1 


/ V/=l / 
1 


V /=i 


(13) 


Next we use Holder inequality for integrals with parameters 
a -H 1 and get 


/' 


\ti - . \dx 


■U' 


(|f; -X| ) “ gtn-M{x)i\ ,\dx 


SO 


[Dfy 


< D": 




(14) 
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Putting together Theorem|2]for a a + 1 and equations (fOT l. 
(fT4l) we deduce that 





Next we prove the lower bound. We use discrete Holder in¬ 
equality with parameters a and get 


n 




1=1 


2 (Dr»)^ 

1-1 


V 1=1 



(15) 


Next we use Holder inequality for integrals with parameters 
a and get 


f 


Vi-xf ^gr.n-i+l{x)i[.\dx 


< 





n 



Proof. Let a be a natural number. Assume that r - ^ + f{n), 
where f{n) > 0 and f{n) - o{rr^l^). Throughout the proof we 

use the fact that ^ ® (~^)' 

First we prove the upper bound E^‘‘\r) e This is 

easy because we can displace the sensors to the anchor loca¬ 
tions tj - for i = 1 , 2 , ...,n at a total displacement 

cost of ■ This suffices if r > 5 ^ since in this case the 

contiguous coverage is assured. 

Next we prove the lower bound E^‘‘f r) e Q We would 

like to know how much we can reduce the sum of displacements 
if we change the radius from ^ lo ^ + where f(n) > 0 and 
f(n) = o{rr^l^). Let h, be the sequence such that 0 < hi < 
b 2 <■■■ b„ < 1, bi < r, 1 - b„ < r and h/+i - h; < r, for 
i - Let Xj be the position of the ith sensor in the 

interval [0,1]. It is sufficient to show that 

ZE[»-i.,n€£!(y). 

Let us recall that f, = ^ “ 2 n’ “ 1,2,.. .,n. Using the 

inequality (for a e N^) 


so 

< of (16) 

Putting together Theorem |2 for a := a - 1 and equations (fTSl l. 
(USll we obtain 







This finishes the proof of the lower bound and completes the 
proof of Theorem|3] □ 


ix,- - f,r < (\Xi - h,r + \bi - f,f) 


we get 


2 E [K- - h,r] > 2 -“^' 2 E [K- - f,r] - £ \b; - f,f (17) 


/=i 


/=i 


/=i 


By Theorem[2l Theorem[3]we know 


£E[K -f,f] £0 


/=! 


(18) 


Assume that h; = min ^(i - 1) (^ + /(«)) + 2 n 0 ’ ' 

1,2,..., n. Let m + Ihe the smallest positive i, such that 


1 


1 , /(«) 




4. A Threshold on the minimum displacement 

In this section we prove the occurrence of threshold whereby 
the expected minimum sum of displacements to power a, where 

a is positive natural number, remains in © j provided that 

f where f(n) > 0 and f(n) - o{rr^^'^). 

Definition 4. Given a, r we denote by E^-^f r) the expected min¬ 
imum sum of displacement to the power a (where a is positive 
natural number) ofn sensors with range r. 

Theorem 5. Assume that a is a natural number. Let r > 0 be 
the range of the sensors, tf f — where f(n) > 0 and 

fin) = o(n-3/2), then E^‘‘\r) e © j . 


Clearly, if the /th sensor occupies position bi, for i - 1,2,..., m, 
then the distance between consecutive sensors is equal to 2 r. 
Observe that h, - f,- < h,+i - a,+i, for i - 1,2,.. .,m. and 

max \bi - f,f < n‘‘{f(n)y. 

1 = 1 , 2 , 

Hence, 

n 

Y, \bi - hf < n"^'(/(«))^ 

1=1 

Therefore, we conclude that for all sequences h,, such that 0 < 
b\ < b 2 < ■. .bn < \, hi < r, 1 - h„ < r and h,+i - h; < r, for 
1 = 1, ■ ■ ■, n - 1, 

Y \bi - tif < n^^\f(n)r = o (19) 
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Putting together (fTTI) . (fTsT i and (fT9l l we get 


Putting together Theorem |2] Theorem [3 and equations (l20l i. 
(l2n i we deduce that 


^E[K-^r] 

/=i 







This is sufficient to complete the proof of Theorem|5] 


□ 


5. Upper bounds for total displacement when r > ^ 

Now we study a more general version of the sensor move¬ 
ment to power a, where a > 0. Suppose that n sensors with 
radius r = ^ are thrown randomly and independently with 
the uniform distribution in the unit interval. The question is 
how to estimate the total expected movement to the power a for 
/> 1? If/>6we present Algorithm [T] that uses expected 

O (^) ^) ’ movement to power a, where a > 0. The 
correctness of the algorithm is derived from Theorem[8l 

We begin with a theorem which indicates how to apply the 
results of Theorem |2] and Theorem [3 to displacements to the 
fractional power a. 


Theorem 6. Let a > 0 . Assume that n mobile sensors are 
thrown uniformly and independently at random in the unit in¬ 
terval. The expected sum of displacements to the power a of all 
sensors to move from their current location to anchor location 

ti - j; - i - I,. ■. ,n, respectively is O j • 

Proof By Theorem|3and Theorem[3we may assume that a > 
0 and a ^ . Let be the expected distance to the power a 

between Xi and the i'* anchor location, f, = ^ on the unit 
interval, hence given by: 

J" \ti - X\‘‘gr,n-i+l(x)dx. 


Then we use discrete Holder inequality with parameters 
and get 


\ f \ 


/ \/=l / 


V/=i 


V i=\ 


j£h£ 

n 


( 20 ) 


and get 


Next we use Holder inequality for integrals with parameters 
get 

/' 


\ti - \dx 


I 


< (\ti - 4“) “ gr.r,-i+l(x)i{ \dx\ , 


SO 


{pf^) ° < d\ 


(W) 


( 21 ) 





This finishes the proof of Theorem|3 


□ 


Now we give a lemma which indicates how to scale the re¬ 
sults of Theorem|3to intervals of arbitrary length. 

Lemma 7. Let a > 0. Assume thatm mobile sensors are thrown 
uniformly and independently at random in the interval of length 
X. The sensors are to be moved to equidistant positions (within 
the interval) at distance ximfrom each other. Then the total 

expected movement to the power a of the sensors is O (). 

\m? / 

Proof. Assume that m sensors are in the interval [0, x]. Then 
multiply their coordinates by 1 jx. From Theorem |3 the total 

movement to the power a in the unit interval is in ■ 

Now by multiplying their coordinates by x we get the desired 
result. □ 


Our upper bound on the total sensor movement to power a is 
based on the Algorithm[T] 


Algorithm 1 Displacement to the power a when a > 0, p — 
|(2 H- a), q - |(2 -H a), xq is the real solution of the equation 
— = 3 such that xn > 3 

|(2+fl)lnx 

Require: n > [xol mobile sensors with identical sensing ra¬ 
dius r - / > 6 placed uniformly and independently at 

random on the interval [0,1] 

Ensure: The final positions of sensors to attain coverage of the 
interval [0,1] 

1: Divide the interval into subintervals of length , ' , ; 

Iplnn] 

2 : if there is a subinterval with fewer than 1 1 " i sensors then 

3: moves all n sensors to positions that are equidistant; 

4: else 

5: in each subinterval choose [q In sensors at random and 

move the chosen sensors to equidistant position so as to 
cover the subinterval; 

6 : end if 


Theorem 8. Let a > 0, f > 6 and n > [xol, where xq is the 


solution of the equation 


^(2+fl) Inx 


= 3 such that xo > 3. Assume 


f 

that n sensors of radius r — are thrown randomly and in¬ 
dependently with uniform distribution on a unit interval. Then 
the total expected movement to power a of sensors required to 

cover the interval is in O 




Proof. Assume that a > 0. Let p - |(2 -i- a) and q - |(2 + a), 
xo is the solution of the equation — = 3 such that xn > 3. 

^ |(2+a)lnA 

First of all, observe that > 3 for n > fxol. We will prove 
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that the total expected movement to power a of Algorithm [T] is 


There are two cases to consider. 

Case 1: There exists a subinterval with fewer than 


1 


sensors. In this case the total expected movement to power a is 


O j by Theorem|6l 


Case 2: All subintervals contain at least ^ i ” i 

[plnfz J 

From the inequality [jcJ < .r we deduce that, [q In nj < ^ , . 

LplnHj 

Hence it is possible to choose \_q In n\ sensors at random in each 


sensors. 

1 n 


subinterval with more than 


1 


sequence 


a„ - \_q\nn\ — 
n 


[plnj 


p\nn 


sensors. Let us consider the 


for n > [.xol- 


Applying inequality [xj > .r - 1 we see that 

1 \l. p In n 


a„ >21 


q\nn 


1 


( 22 ) 


Observe that 


plnn 1 1 1 ^ 

- < -j— < T for n > [xol 

n 3 qmn 4 


(23) 


Putting together Equation (l22ll and Equation (|2^ we get 

> a„ > 1. 


f 

Iq In n\ — 
n 


p\nn 


Therefore, [q In nj chosen sensors are enough to attain the cov¬ 
erage. By the independence of the sensors positions, the [q In nJ 
chosen sensors in any given subinterval are distributed ran¬ 
domly and independently with uniform distribution over the 

subinterval of length r-J—r. By Lemma [T] the total expected 

LpIuhJ 

movement to power a inside each subinterval is 
1 1 


O 








Since, there are subintervals, the total expected 

movement to power a over all subintervals must be in 

It remains to consider the probability with which each of 
these cases occurs. The proof of the theorem will be a con¬ 
sequence of the following Claim. 

Claim 9. Let p - |(2 -i- a). The probability that fewer than 


1 1 ” I sensors fall in any subinterval is < 
[pTnti J 


[plnw j 


Proof (Claim|3l Eirst of all, from the inequality [xj < x we get 

2 


(2 + a) Inn 

n 

J n 

p\nn 


Hence, 


1 

n n 

1(2 + a)n Inn 

3 

1 " 1 ~ 1 " 1 

\ 1 « 1 


\_p\nn \ \_p\nn \ 

\ lp\nn\ 


(24) 


The number of sensors falling in a subinterval is a Bernoulli 
process with probability of success , * , . By Chernoff bounds, 

Lpln« J 

the probability that a given subinterval has fewer than 


1(2 + a)n Inn 


I I Al I I 

\_p\nn \ " LPInJ 


sensors is less than e ('+!)'"" < Specifically we use the 
Chernoff bound 

Pi[X < (1 - 6 )m] < 
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sensors occurs with probability less than . This and Equa¬ 
tion (|24|i completes the proof of Claim 0 □ 

Using Claim0we can upper bound the total expected move¬ 
ment to power a as follows: 
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which proves Theorem[3 

6. Conclusion 


In this paper we studied the expected minimum total (or sum) 
energy consumption in the movement of sensors with identi¬ 
cal range when the energy consumed per sensor is proportional 
to some (fixed) power of the distance traveled. We obtained 
bounds on the expected minimum energy consumed depending 
on the range of the sensors. 
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